ABSTRACT: β-Amyloid aggregates in the brain play critical roles in Alzheimer's disease, a chronic neurodegenerative condition. Amyloid-associated metal ions, particularly zinc and copper ions, have been implicated in disease pathogenesis. Despite the importance of such ions, the binding sites on the β-amyloid peptide remain poorly understood. In this study, we use scanning tunneling microscopy, circular dichroism, and surface-enhanced Raman spectroscopy to probe the interactions between Cu 2+ ions and a key β-amyloid peptide fragment, consisting of the first 16 amino acids, and define the copper−peptide binding site. We observe that in the presence of Cu 2+ , this peptide fragment forms β-sheets, not seen without the metal ion. By imaging with scanning tunneling microscopy, we are able to identify the binding site, which involves two histidine residues, His13 and His14. We conclude that the binding of copper to these residues creates an interstrand histidine brace, which enables the formation of β-sheets.
A lzheimer's disease (AD) is a worldwide health problem and the third most financially costly disease in the U.S. and Europe. 1 The dominant symptom of AD is anterograde amnesia and 60−80% of dementing illness is caused by AD. 2 A hallmark of AD is the aggregation of β-amyloid peptides (Aβ). Nevertheless, the body of knowledge around the disease pathogenesis is limited, the etiology remains poorly understood, and no curative interventions are available. It has been shown that people with AD exhibit abnormally high concentrations of transition metal ions (Cu 2+ and Zn
2+
) in Aβ aggregates and synaptic areas of the brain. 3−6 Nonetheless, the significance of Aβ interaction with metal ions for the disease process remains largely unexplored, and there remains no cure for AD. Better understanding of the structure(s) of Aβ peptides, their interactions with transition metals, and more precise definitions of the metal-peptide binding sites promise improved insight into AD and provide new avenues for treatment.
Aβ oligomers are considered to be neurotoxic through a variety of mechanisms, that is, interactions with cell membranes and the production of reactive oxygen species. 7−9 The pathway of Aβ neurotoxicity remains unknown and is the subject of active research. In prior work, Aβ has been shown to bind Cu 2+ ions in 1:1 stoichiometric ratios in the vicinity of the Nterminus. 10 A second low-affinity binding site has also been suggested due to the binding of Cu 2+ to Aβ in 1:2 stoichiometric ratios in the vicinity of the C-terminus. 10, 11 The structure and the binding site of Aβ oligomers in the presence of metal ions have been extensively studied using nuclear magnetic resonance, 14 X-ray absorption spectroscopy, 12, 15 Fourier transform infrared spectroscopy, 13 electron paramagnetic resonance, 16 and atomic force microscopy. 17, 18 However, there is a paucity of experimental data with submolecular resolution because identifying exact amino acid involvement in metal ion binding is challenging due to the high mechanical and conformational flexibility of Aβ as well as the dramatic changes in conformation of the peptide based on metal ion valence. 5, 19, 20 Previously, we have demonstrated the ability to resolve submolecular structures of biological molecules and to differentiate between side chains of individual amino acids and their orientations using scanning tunneling microscopy (STM) and related spectroscopic imaging methods. 21 In this study, we report structural elucidation of the first 16 amino acids (1−16) ions via STM, surface-enhanced Raman spectroscopy (SERS), and circular dichroism (CD). We chose Cu 2+ for this study due to its biological significance in AD. 13, 22 Although Aβ 1−16 has been reported as a disordered region of Aβ and therefore is often omitted from computational studies, 23−27 our findings indicate that upon codeposition of Cu 2+ and Aβ 1−16 on highly oriented pyrolytic graphite (HOPG), it laminates into structured β-sheet domains. We targeted this segment because preliminary data on Aβ 1−42 indicated binding of Cu 2+ in this region. 10, 13, 18 Previous reports on the binding site of Cu 2+ in this portion of the peptide are conflicting. Li and co-workers, based primarily on nuclear magnetic resonance (NMR) measurements, report the involvement of residues His6, His13, His 14, and Tyr10 in binding in Aβ 1−16 , whereas Viles and co-workers, using a combination of NMR measurements and electron paramagnetic resonance (EPR) measurements, found that His13 is crucial for binding in Aβ 1−28 and there are indications of the involvement of His6 and His14, but not Tyr10. 28, 29 Furthermore, these reports rely on conventional ensemble (i.e., averaging) measurements (NMR and EPR), whereas STM can provide definitive real-space images of noncrystalline, nonperiodic, and even dilute structures. 30 These results could significantly enhance our understanding of the biology of Aβ peptides in vivo and their morphological changes due to interactions with the synaptic cell membrane. 31−33 Most importantly, on the basis of the STM image analysis of the length and position of the protruding features, we determine and elucidate the specific interactions and binding of Cu 2+ with Aβ 1−16 . Here, we show that Cu 2+ ions participate in interstrand Aβ 1−16 binding by coordinating with the two histidine residues at positions 13 and 14 (His13 and His14) on adjacent strands, and not intrastrand binding as had been hypothesized previously. 16, 19, 20 Circular Dichroism. We used circular dichroism (CD) to determine whether Cu 2+ ion binding onto Aβ 1−16 occurs readily in solution. In Figure S1 , two bands (negative band at 197 nm and positive band at 222 nm) indicate that the polyproline type II (PPII) helix secondary structure conformation appears in the CD spectra of Aβ 1−16 at pH 7.4. The PPII helix structure is commonly found in many proteins in unfolded states. 34, 35 The addition of Cu 2+ to the solution decreased the CD spectra intensity in both bands. This indicates that Cu 2+ weakens the PPII helical conformation and induces a partial β-sheet conformation in the peptide. 36, 37 Because of its hydrophilicity, Aβ 1−16 is able to form hydrogen bonds with surrounding water molecules, which stabilizes the structure of the PPII helix. 34, 38 A decrease in the number of water molecules around the PPII helix backbone causes the peptide to change its conformation from a PPII helix to a β-sheet. 39 Hence, the presence of Cu
around Aβ 1−16 may not only alter the Aβ 1−16 structure by binding but also cause the peptide to undergo a conformational change from a helix to a β-sheet by displacing water molecules around the peptide backbone. 40−43 The latter process is reported to be highly entropically favorable. 39, 40 Though CD data alone do not enable making definitive structural assignments, they do indicate that structural changes occur upon binding Cu 2+ . Surface-Enhanced Raman Spectroscopy. The challenge of many infrared spectroscopy (IR) techniques when used to study biomolecular conformation on surfaces is their limited ability to investigate the structures of biomolecules at low concentrations. 44 An additional challenge for peptides and proteins is that the amide bands, which are responsible for the secondary structure, are located in the same region as the strong absorption band of water. 45 The infrared spectroscopy dependence on concentration imposes a significant barrier to studying amyloid peptides because they exhibit structural polymorphism, which is greatly influenced by concentration. 42, 46 To overcome the above-mentioned challenges of IR techniques, and to stay consistent with Aβ 1−16 concentrations used throughout the scanning probe microscopy experiments, surface-enhanced Raman spectroscopy (SERS) 47 was employed to study conformational changes of Aβ 1−16 in the presence and absence of Cu 2+ . Furthermore, to increase the intensity of the SERS signal, specialized platforms that exhibit large electromagnetic enhancements (∼10 14 ) have been used, as shown in Figure 1a . 48−50 Surface-enhanced Raman spectra for Aβ 1−16 and Aβ 1−16 -Cu 2+ are shown in Table 1 and Figure 1b . Changes in the secondary structure of Aβ 1−16 upon addition of Cu 2+ ions were assessed based on displacement and intensity of the amide bands and the C−H bending vibrations of the peptide.
The Amide I band (1610−1700 cm −1 ) 51, 52 was not resolved by SERS due to overlap with the strong G band ∼1585 cm −1 , 53,54 which comes from the graphene coating of the substrate surface ( Figure 1 ). Because of its weak Raman activity there is little information available about the Amide II band, 55 −58 yet a few reports mention that its location at ∼1529 cm −1 is associated with a β-sheet structure. 59, 60 The Scanning Tunneling Microscopy. Aβ 1−16 is typically a disordered and hydrophilic portion of an extracellular domain of Aβ. 23, 24, 26, 68 Because it is a disordered region it has often been omitted from computational studies. 23−27 However, we show here that upon Aβ 1−16 deposition on HOPG, individual peptide chains laminate into structured β-sheet domains ( Figure S2 ). Previous reports indicate that Aβ has a parallel β-sheet arrangement with amino acids spacings of 0.325 nm. 31, 69 For our image analysis, we assumed the same parallel β-sheet arrangement for Aβ 1−16 . The average scanned length of Aβ 1−16 is 5.2 ± 0.4 nm; this value is consistent with the ideal Figure S3 ). These STM studies relied on the deposition from solution of Aβ 1−16 raising the question of whether there are surface-induced structural changes. Previously, our group has shown that the peptide-surface interactions are relatively small in comparison to the peptide−peptide interactions within the assembly. , which is 4.6 ± 0.3 Å. The latter is in a good agreement with Aβ ( Figure S4a ) and earlier reported literature values for β-sheet separation, which is 4.5−5 Å. 21 and imidazole rings. 78, 79 Topographic examination of the Aβ 1−16 -Cu 2+ lamellae displayed almost evenly arranged protruding features from both sides of β-sheet boundaries, with one side being more uniform than the other. Such features were present only in Aβ 1−16 -Cu 2+ and were absent in Aβ 1−16 (without Cu 2+ ) (Figures  3 and S5 ; many areas of four independently prepared samples of each were measured; for each distance, the average, standard deviation, and number of measurements used are reported). Both the total lengths of the strands and the distances of the protruding features from both β-sheet boundaries have been measured (Scheme 1). The measured distance of the nonperiodic, site-specific protruding features from the boundary was 0.9 ± 0.1 nm, which corresponds to the protruding features being two to three amino acids away from the β-sheet boundary (Figure 2c,d) . The only possible amino acids in the strand, which are two to three amino acids away from the ends of the peptide and can participate in Cu 2+ binding, are His13 and His14 residues. Adjacent positions of His13 and His14 amino acids in the Aβ 1−16 strand make them unique in the sequence because only they can participate in binding copper between the strands. Therefore, based on STM image analysis of the protruding features, our results support the conclusion that Cu 2+ ions bind to His13 and His14 residues forming a histidine brace between two strands. We did not observe nonsite-specific protruding features, suggesting that there are no other Cu 2+ ions bound on the surface. The measured distance of the more uniform protruding features from the boundary was 1.0 ± 0.1 nm, which corresponds to the protruding features being three amino acids residues away from the β-sheet boundary. Phenylalanine at the fourth position (Phe4) in the strand is three amino acids away from the beginning of the Aβ 1−16 strand. We infer that π stacking between the Phe4 ring and graphite leads it to protrude evenly throughout the whole β-sheet domain. Several previous computational and experimental studies have suggested that neighboring His residues in amyloid peptides or amyloid-like proteins participate in interstrand metal ion binding. 80−86 However, this type of metal ion interaction with Aβ has never previously been observed directly. In this study, based on the length and the position of protruding features of copper ions within Aβ 1−16 peptides, we show that copper ions participate in interstrand Aβ 1−16 binding by coordinating with two His residues from adjacent stands.
In conclusion, metal ions are enriched in the β-amyloid aggregates typically found in patients with Alzheimer's dementia, yet their functional role is largely unexplored. , strands in Aβ 1−16 are less uniform in the length, suggesting that they sometimes fold in upon themselves. Large interstrand separation in Aβ 1−16 indicate that such peptides lack hydrogen bonding between adjacent strands. Thus, on a surface, Aβ 1−16 laminates into either intrinsically disordered β-sheets or into a PPII-type helix. In contrast, our data provide strong evidence that Aβ 1−16 -Cu 2+ has a smaller interstrand separation and laminates into β-sheets on a surface. We conclude that the interaction of the Aβ 1−16 peptide with the Cu 2+ ions is the driving force for this more ordered formation. Lastly, we observed features as apparent protrusions in STM images at the ends of the β-sheet boundaries in Aβ 1−16 -Cu 2+ but not in Aβ 1−16 . These features are localized 2−3 amino acids away from the β-sheet boundaries, pointing to His13 and His14 as critical binding partners. The only possible amino acids that could participate in copper ion binding that are 2−3 amino acids away from the β-sheet boundary are His13 and His14. These data support the notion that His13 and His14 represent a primary binding site for the copper ions, creating an interstrand histidine brace.
β-Amyloid has been implicated as a primary pathogenic factor in Alzheimer's disease and the current work links metal ions, specifically copper, to the formation and structure of the β-amyloid aggregates that are the signature of this disease. Understanding the structural features of β-amyloid and how it interacts and coassembles with other elements can open the door to studies of β-amyloid aggregates in the tissue environment and the identification of "drugable" targets that ultimately shape the deposition of neurotoxic peptides. Further, blocking metal ion binding could be utilized to destabilize the indigestible β-amyloid clusters in neurodegeneration. (NBAs noted above, there may also be Cu 2+ binding sites near the Cterminus of Aβ 1−42 .) This report establishes the capability of scanning tunneling microscopy as a methodology to determine structural characteristics and critical interaction sites in biologically relevant systems where traditional techniques that average or extract only periodic portions of structures have been unsuccessful. 12, 21, 30, 31, 72, 87, 88 Scanning Probe Microscopy and Surface-Enhanced Raman Spectroscopy Sample Preparation. Solutions were prepared in a glass vial with a final total volume of 400 μL for both samples (Aβ 1−16 Atomic Force Microscopy Measurements. All AFM measurements were performed under ambient conditions at the California NanoSystems Institute (NanoPico Characterization laboratory) using a Bruker High-Speed MultiMode 8 with ScanAsyst-HR instrument in peak force tapping mode with Bruker Nanoprobe (Model MPP-21100-10, Part RFESP, and nominal force constant 3 N/m).
Scanning Tunneling Microscopy and Atomic Force Microscopy Image Processing. Both STM and AFM images were processed by GWYDDION 88 (free scanning probe microscopy data analysis software). Scratch artifacts were removed from STM images by using MATLAB (Mathworks, Natick, MA) unstripping code (see Supporting Information).
Surface-Enhanced Raman Spectroscopy Measurements. Substrates were prepared as described previously. 48 Briefly, fabrication involved bottom-up templating technology where spin coating and hitting polystyrene (PS) film created PS spheres on Si/SiO 2 . Polystyrene spheres were used as mask for further gold nanopyramids fabrication. , scanning tunneling microscopy images with regular patterns of protrusions in the vicinity of the β-sheet boundary, and unstripping MATLAB code that was used to remove horizontal image stripes. (PDF) 
